• Pest management practices on golf course turf have changed since an initial survey was conducted in 2007.
we summarize the results of the 2015 pest management practices survey, compare them with results from 2007, and identify key trends that have emerged over the past 8 years.
Survey Implementation
Of the 15,372 golf facilities in the United States at the time the survey was completed in 2015 (Supplemental Table S1 ), 13,652 US golf courses managed by superintendents with available email addresses were identified by integrating GCSAA and National Golf Foundation databases. An initial email invitation, which included a link to the online survey, was sent to prospective participants in October 2015, followed by three followup email reminders, sent in November 2015. A total of 1,946 completed surveys were received (13% of all facilities). This is lower than the 21% response coverage from the 2007 survey (Throssell et al., 2009b ) (Supplemental Table S1 ), which also included a mail survey campaign. While both surveys targeted the same population, respondents in 2015 were not identical to those in 2008. Participation in the survey was encouraged by entering respondents into a drawing for a total of 21 $100 gift cards and providing a 0.25 service point to GCSAA members in support of their professional development requirements for certification.
Review of Survey Data
To gain insights into survey data, respondents were stratified by agronomic region, as described by Throssell et al. (2009b) and by golf course type, number of holes, and green fees. Full details of the survey process are described by Gelernter et al. (2016) .
Analysis of the completed surveys indicated that each agronomic region was represented by survey respondents in roughly the same proportions as occurred for all US golf courses, but those golf courses that were 9-hole or with lower green fees responded at somewhat lower rates than in the national makeup of golf facilities. To eliminate significant sampling bias, and to ensure that the national data set was representative of the overall golf course universe in the United States, the response data means were weighted by classifying respondent level data into one of 35 groups (cells) based on course characteristics and agronomic region, and then determining the proportion of each group within the total survey response (Supplemental Table S1 ). Weight factors were determined as described by Kish (1990) . For analysis that was restricted to 9-, 18-, or 27+ hole facilities, data weighting was not necessary. For regional comparisons, only data from 18-hole facilities were used, due to lack of sufficient data for regional comparisons of 9-hole and 27+ hole facilities.
Statistical Analysis
Means were used as the most appropriate measure of central tendency for the normally distributed data. To determine levels of significance among groups, the Wilcoxon rank sum test (Moore et al., 2007) , which is appropriate for both normal and nonnormal data, was applied. The Bonferroni correction was used to provide for multiple tests of significance (Hochberg, 1988) . Values were considered significantly different when p £ 0.10. Statistical separation of proportional data was conducted using R and the gmodels package (version 2.15.4) (Warnes et al., 2015) two-sample test for equality of proportions with continuity correction using a chisquare comparison, where p £ 0.10.
Trends in Pest Management Practices
Reliance on Cultural, Biological, and Chemical Practices
When asked how their reliance on different forms of pest control had changed over the past several years, respondents reported increased reliance on nonpesticide pest control practices such as cultural control, plant growth regulators (PGRs), and biological control. In contrast, there was a decrease or little change in reliance on conventional chemistries such as fungicides, herbicides, insecticides, and nematicides in that same time period (Fig. 1) .
Nonpesticide practices include the use of PGRs, products for which reliance increased by 44%. These products are generally assigned the lowest toxicity classification by the US Environmental Protection Agency (Reilly et. al., 2002) , and are used to improve turf quality and stress tolerance, and to suppress the growth of certain weeds and diseases (Huang, 2007; Murphy et. al., 2012) . Although PGRs have been available for several decades, recent advances in technology have resulted in improving scheduling of these products as well as the introduction of newer products that have reduced the risk of phytotoxicity associated with previously introduced products (McCarty, 2015) , and are therefore being adopted more widely.
Other nonpesticide practices include the use of cultural practices (66% increase) and biological control practices and products (25% increase). Significant applied research effort on the role of cultural practices in pest management in recent years may have played a role in the large increase in reliance on these practices. Likewise, the recent introduction of effective biopesticide products based on active ingredients, such as polyoxin-D and phosphitesphosphonates (Copping and Duke, 2007; Cook et. al., 2006) , would also have contributed to increased reliance on biological control.
Of the conventional pesticides, nematicides had the largest decrease in use (Fig. 1) . This is likely due to the US Environmental Protection Agency's 2008 prohibition of the sale and distribution of the nematicide fenamiphos (Bradbury, 2008) , which had been widely used in the golf course industry.
Trends in the Use of Cultural, Biological, and Monitoring Practices
Superintendents continue to employ a wide variety of additional practices to manage pests (Table 1 ). The most frequently used (>90% use) of these in both 2007 and 2015 include cultural practices (such as increased mowing heights, salinity management, fertilizer management, improved plant health), as well as weather monitoring and pest scoutingmonitoring. In addition, the practices of pesticide resistance management, spot treatment with pesticides, monitoring weather conditions conducive to pest outbreaks, and encouragement of improved turf health were reported by a large majority of respondents in 2015, but questions on these practices were not included in the 2007 survey. The practice that had the greatest increase in use for all golf courses since 2007 was the use of sensors. These are handheld or machine-mounted devices that gather information on soil or plant characteristics, and should allow superintendents to better manage turf health, and therefore resilience against pest attack. Increased use of sensors since 2007 probably results from sensor technology being relatively new (Carrow et. al., 2009) , and is still in the early, rapid adoption phase.
Nine-, 18-and 27+ hole facilities demonstrated similar trends over time in adoption of nonpesticide practices, though 9-hole facilities were less likely to use these techniques than were larger courses (Table 1) .
Pest Management Decision-Making
The most important-influential sources of information on pest management strategies in 2015 were, in decreasing order, personal interactions, websites, and print publications (Fig. 2 ). Since this set of questions was asked for the first time in 2015, data presented below serve as a baseline for future survey analyses.
Personal Interactions
Almost all (98%) respondents indicated that one or more types of personal interactions were in the top five of their most influential information sources on pest management. Of these sources, those individuals or organizations with which superintendents interact most frequently (professional colleagues, distributor salespeople, and people at meetings) appear to have the greatest influence ( Fig. 2A ).
Websites
Websites were the second most popular general information source, with 87% of respondents listing one or more websites as highly influential. The most frequently cited websites were sponsored by GCSAA and state university extension organizations (Fig. 2B ).
Print Publications
One or more print publications were cited by 79% as highly influential. The most frequently cited publications were sponsored by GCSAA, university extension, and the USGA Green Section (Fig. 2C ).
Trends in Written Plans
Written plans covering pesticide use include pesticide emergency response plans, integrated pest management (IPM) plans, and pesticide application plans (Table 2 ). These plans are used for the purposes of planning, communication, coordination, and safety. Written plans need to be regularly updated to be considered viable. For this reason, it is useful to understand how use of written plans has changed since the 2007 survey.
Written Integrated Pest Management Plan
An IPM plan is a written, comprehensive document that contains the strategies and tactics that will be implemented to manage pests on the golf course. Golf course superintendents have several resources available when developing a written IPM plan, from those provided In 2015, there was a significant decrease in the number of 9-hole and 18-hole facilities reporting the use of an IPM plan, though the largest (27+ hole) facilities showed no significant change (Table 2 ). This trend toward fewer IPM plans was observed in both public and private facilities, as well as in most agronomic regions (data not shown).
Of those reporting the use of written IPM plans, 13% were required by government regulation in both 2007 and 2015. The majority of IPM plans (85%) were voluntary projects, either in cooperation with a nonregulatory organization (such as watershed protection or environmental organizations) or superintendent initiated.
There are a few possible reasons for the decrease in development of IPM plans. The first is the downward shift in the US economy that occurred after the 2007 survey was completed, and the concomitant downsizing of golf course maintenance budgets, which would have resulted in less time and fewer resources available for development of such plans. It is also the case that research, education, and promotion on the topic of golf course turf IPM-by both universities and private organizations-has decreased since the 2007 survey, and as a result, there is less information and support available for superintendents interested in this process. For example, a search of articles (both peer-reviewed and in trade journals) with the words "golf" and "IPM" or the words "golf" and "integrated 
Written Pesticide Application Plan
Pesticide application plans are written documents that list all pesticide applications (and may include nutrient and PGR applications as well) planned for the year. These plans are used by superintendents for multiple purposes, including the development of budgets, staffing plans, and product ordering. A golf facility may have a written pesticide application plan that works in conjunction with a written IPM plan. While these facilities may develop and use both types of plans, some may use one or the other, or neither. The percentage of facilities with either an IPM Plan or Pesticide Application Plan was 57, 68, and 81%, for 9-, 18-and 27+ hole facilities, respectively.
Pesticide application plans were the most frequently used written plan, due most likely to their pragmatic nature. The decline in their use at 9-hole and 18-hole facilities since 2007 (Table 2 ) may be due to the same economic and educational factors discussed above for IPM plans. The reasons given for development of these plans were similar to those provided for IPM plans, with voluntary projects comprising 85% of all reported plans, and approximately 15% required by government or tribal authorities.
Written Pesticide Emergency Response Plan
These plans are designed to prepare the staff to effectively respond if an accident should occur within the pesticide operation or the pesticide storage area. In 2015, there was little change in the use of these plans (Table 2) .
Trends in State and Local Regulations
Federal regulations (including pesticide labeling) cover almost all aspects of pesticide operations and applications. In some locations, however, there are additional pesticide regulations issued by local governments (state, city-town, county, tribe, etc.). Respondents were asked which pesticide-related activities they comply with that are regulated by local governments above and beyond the federal regulations. In 2015, the most commonly cited local regulatory activities were record keeping, storage, and posting-notification requirements and banning of certain products. In contrast, respondents in 2007 indicated a somewhat different pattern of restrictions, with more frequent regulation of specific products and the amounts used, and less frequent banning of products, or regulation of application procedures, mixing-loading, and storage (Table 3) .
-----------------% of facilities -----------------
This shift may be due to the increased availability and use of pesticides with lower environmental impacts (Lamberth et. al., 2013) and the banning, cancellation, or severe restriction of materials with toxicological issues, such as monosodium methanearsonate (USEPA, 2016b), methyl bromide (USEPA, 2011), and fenamiphos (USEPA, 2008). These changes over the past 8 years have likely led to the observed increase in restrictions on specific (probably older, of greater environmental concern) products-particularly the amounts usedas well as the decreased frequency of restrictions on storage, mixing, and application of those less toxic products that are being used with increased frequency. (Table 3) .
National Pollutant Discharge Elimination System Permits
The National Pollutant Discharge Elimination System (NPDES) program is hybrid federal-local program that requires a permit that places limits on the discharge of potential point source pollutants to waters of the United States. In 2011, pesticide applications were included in this program. The permitting is administered by local governments, but the US Environmental Protection Agency retains oversight responsibilities (USEPA, 2016a). In the 2015 survey, only 4% of respondents said that they had been required to have an NPDES permit.
Pesticide Applicator Certifications
Federal law requires any person who applies or supervises the use of restricted use pesticides to be certified in accordance with federal USEPA regulations, as well as any appropriate state, territorial, and tribal laws. Restricted-use products have been deemed by the USEPA to have the potential to cause adverse effects on the environment and/or injury to applicators or bystanders without added restrictions (USEPA, 2015) .
The number of Certified Pesticide Applicators at each facility has remained relatively unchanged since 2007, with an average of 1.2, 2.1, and 3.6 applicators for 9-, 18-, and 27+ hole facilities, respectively, which is roughly one certified applicator for every nine holes on the golf course. However, states are now moving to certify all applicators on golf courses regardless if restricted-use pesticides are used.
Impact of Regulations and Restrictions on Pest Management Programs
In general, superintendents reported relatively low impact of restrictions on pest management programs in both 2007 and 2015. However, there has been a significant downward trend, since 2007, in the degree to which superintendents felt that pesticide restrictions influenced their pest management programs (Fig. 3) . The trend (discussed above) toward greater availability of lower risk and/or nontraditional pest management products, which are regulated less stringently, is likely responsible for the perception that regulations and restrictions had decreased impact in 2015 vs. 2007.
Trends In Pesticide Handling

Pesticide Mixing and Loading
A mixing and loading area is dedicated to where pesticides are measured, mixed, and loaded into application equipment. These areas should be designed with safety features that protect humans from exposure during mixing and loading, and the environment from potential contamination. Although specific regulatory requirements for mixing and loading areas vary from one state to the next, some of the most commonly recommended features include floors or pads with impervious surfaces and raised edges and overhead enclosures to prevent spreading of pesticide residue through rainfall.
There have been only small changes in the attributes of mixing and loading areas since 2007 (Table 4) . The most commonly reported features in 2015 were nearby location of spill kits and antisiphoning devices on the water line. Antisiphon devices could also include air gaps between the fill line and mixing or spray tank, but this option was not provided to respondents. For this reason, the actual percentage of facilities with antisiphoning functions is probably higher than the values shown in Table 4 . The relatively low percentage of facilities with an overhead roof, or with either impervious floors or floors that contain liquid spills, are improvements that deserve to be focused on in the future.
Larger facilities consistently reported greater use of mixing and loading features ( Table 4 ), suggesting that the smaller acreage and lower budgets associated with 9-hole facilities inhibit them from adopting many of these attributes.
Pesticide Storage
In both 2007 and 2015, >97% of respondents stored pesticides on-site. The most common features reported in both 2007 and 2015 were locked or restricted access; signage indicating pesticides are stored inside; emergency shower or eyewash located nearby. As seen for mixing and loading features, larger facilities consistently reported greater use of storage features, suggesting that the smaller acreage and lower budgets associated with 9-hole facilities inhibit them from adopting many of these attributes (Table 5 ).
The primary purpose of pesticide storage facilities is to contain pesticides in case of accidents, so that humans and the environment are protected. As a result, they should be secure, dry, well lit, well ventilated, and protected from extreme weather. Although specific regulatory requirements for pesticide storage vary from one state to the next, some of the most commonly recommended features include impervious shelving and flooring, locked or restricted access, and easy access to emergency eyewash and spill kits. These features should be present in all pesticide storage facilities, which indicates that there are improvements needed in adoption of these features.
Since 2007, there have been only small changes in the prevalence of most storage features (Table 5 ). This may be a function of the occurrence of the Great Recession in the years since 2007, and the concomitant lack of investment in high-cost features.
Conclusions
• Increased awareness, research, education, and availability of new cultural, biological, and chemical pest management practices has led to: · increased reliance on nonpesticide pest management practices, and decreased reliance on conventional chemistries over the past several years · decreased impact of regulatory restrictions on pest management programs
• Nonpesticide pest management practices continue to be employed at high frequencies, especially weather monitoring, scouting, and recording of pest outbreaks.
• Personal interactions are the most influential sources of pest management information, followed by websites and print publications, respectively.
• Costly improvements in pesticide storage facilities, pesticide mixing and loading stations, and adoption of pesticide written plans have decreased since the initial survey. This is likely a result of the downward shift in the economy that took place after the 2007 survey was completed.
• Development of written pest management plans (IPM plans and pesticide application plans) was largely a voluntary effort, with <15% initiated due to regulatory requirements.
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• Further improvements in pest management efficacy and safety will rely on greater investment by golf courses in staff education, as well as safetyrelated facility improvements; by universities and superintendent associations in research, outreach, and education on new pest management strategies; and by companies in continued development of new, environmentally compatible, and efficacious pest management products.
Supplemental Information Available
Supplemental information is included with this article. Supplemental files document geographic distribution, facility types, and weighting factors for 2007 and 2015 survey responses.
